Aims/hypothesis Disruption of the retinal pigment epithelial (RPE) barrier contributes to sub-retinal fluid and retinal oedema as observed in diabetic retinopathy. High placental growth factor (PLGF) vitreous levels have been found in diabetic patients. This work aimed to elucidate the influence of PLGF-1 on a human RPE cell line (ARPE-19) barrier in vitro and on normal rat eyes in vivo. Methods ARPE-19 permeability was measured using transepithelial resistance and inulin flux under stimulation of PLGF-1, vascular endothelial growth factor (VEGF)-E and VEGF165. Using RT-PCR, we evaluated the effect of hypoxic conditions or insulin on transepithelial resistance and on PLGF-1 and VEGF receptors. The involvement of mitogen-activated protein kinase kinase (MEK)/extracellular signal-regulated kinase (ERK, also known as EPHB2) signalling pathways under PLGF-1 stimulation was evaluated by western blot analysis and specific inhibitors. The effect of PLGF-1 on the external haemato-retinal barrier was evaluated after intravitreous injection of PLGF-1 in the rat eye; evaluation was by semi-thin analysis and zonula occludens-1 immunolocalisation on flat-mounted RPE. Results In vitro, PLGF-1 induced a reversible decrease of transepithelial resistance and enhanced tritiated inulin flux. These effects were specifically abolished by an antisense oligonucleotide directed at VEGF receptor 1. Exposure of ARPE-19 cells to hypoxic conditions or to insulin induced an upregulation of PLGF-1 expression along with increased transcellular permeability. The PLGF-1-induced RPE cell permeability involved the MEK signalling pathway. Injection of PLGF-1 into the rat eye vitreous induced an opening of the RPE tight junctions with subsequent sub-retinal fluid accumulation, retinal oedema and cytoplasmic translocation of junction proteins. Conclusions/interpretation Our results indicate that PLGF-1 may be a potential regulation target for the control of diabetic retinal and macular oedema.
Introduction
Ocular neovascularisation (angiogenesis) and macular oedema are frequent complications of diabetic retinopathy leading to loss of vision. Cytokines, chemokines and most notably vascular endothelial growth factor (VEGF) contribute to ocular angiogenesis and vascular permeability [1] [2] [3] [4] . The effect of VEGF on the blood-brain and bloodretinal barriers has been studied extensively. It was found that the vascular barrier breakdown is associated with increased vesicular transport and decreased tight junction protein content of vascular endothelial cells [5, 6] . These phenomena are apparently mediated by VEGF receptor (VEGFR)-2 and VEGFR-1 [7, 8] . In the retina, vascular endothelial cells, pericytes, glial and retinal pigment epithelial (RPE) cells produce VEGF and also produce its receptors [1, 9] .
Apart from the internal retinal-blood barrier, another 'external' retinal-blood barrier provides a selectively permeable barrier between the choroid and the neurosensory retina and actively maintains the neuroretina attached. This second barrier is controlled by RPE cells and their tight junctions. The fluid balance within the retina depends on a healthy and functional RPE cell layer.
Beside VEGF, human RPE cells under hypoxia produce another member of the VEGF superfamily, the placental growth factor (PLGF) [9] . Interestingly, high PLGF-1 levels have been found in the vitreous of patients with diabetic retinopathy [10] . However, the exact role of PLGF in ocular tissues remains unclear. PLGF is a homodimeric protein that shares substantial structural similarity with VEGF-A. Three PLGF isoforms have been described (PLGF-1, -2 and -3). These isoforms do not interact with VEGFR-2 but do bind to VEGFR-1 [11] .
VEGF-and PLGF-induced vascular permeability has been studied extensively. PLGF and its receptor are also implicated in inflammatory processes occurring in atherosclerosis and rheumatoid arthritis [12] and participate in the angiogenic activity of non-endothelial cells [13] . However, the potential influence of PLGF-1 on RPE barrier regulation has not been thoroughly investigated.
In this study, using cultures from the human RPE cell line, ARPE-19, we investigated the potential role of PLGF-1 and specific VEGF receptors in permeability of the RPE blood-retinal barrier under normal and hypoxic conditions. Transduction pathways involved in VEGFR-1-mediated permeability were also studied. Since macular oedema is more frequently observed in the hyperinsulinaemic type 2 diabetes [14] and insulin treatment is associated with early aggravation of diabetic retinopathy, we also evaluated the effect of insulin on PLGF-1 production and RPE barrier integrity. The effect of PLGF-1 on the external retinalblood barrier was also studied in vivo in the rat eye.
Materials and methods
Human RPE cell culture A spontaneously immortalised human RPE cell line (ARPE-19 [ATCC CRL-2302]) [15] was cultured in a mixture of 1:1 DMEM and Nutrient Mixture F12, with HEPES buffer (Gibco, Grand Island, NY, USA) supplemented with 10% fetal bovine serum. ARPE-19 cells were seeded at a density of 1.5×10 5 cells/cm 2 in either 25-cm 2 flasks (Becton Dickinson, Le pont de Claix, France) or on polyester filters (Transwell, 0.4 μm pore size, 6.5 mm in diameter; Costar, Cambridge, MA, USA). The cultures were kept at 37°C in a 5% CO 2 humidified atmosphere.
Treatment of ARPE-19 cell cultures ARPE-19 cell cultures were exposed to either VEGF-165 (1 nmol/l), PLGF-1 (2 nmol/l and 0.2 nmol/l; agonist for VEGFR-1) or VEGF-E (1 nmol/l; agonist for VEGFR-2) (Relia Tech, Brunswick, Germany) in serum-free medium for various periods of time. To study whether the extracellular signal-regulated kinase (ERK, also known as EPHB2) pathway is involved, ARPE-19 cells were starved of serum for 48 h before the experiment and the mitogen-activated protein kinase kinase (MEK) 1/2 inhibitor, UO126 (10 μmol/l; Calbiochem, San Diego, CA, USA) was added 1 h prior to the addition of PLGF-1. To mimic hypoxic conditions, ARPE-19 cell monolayers were incubated with CoCl 2 (10 μmol/l) (Sigma Aldrich, Saint-Quentin Fallavier, France) as previously described [16] . The viability of ARPE-19 cells after exposure to hypoxic conditions for variable periods of time was evaluated using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Briefly, after 1 h incubation in MTT (250 μl per well in 24-well plates) at 37°C, the resulting insoluble formazan crystals are dissolved in 250 μl of isopropanol and absorbance spectroscopy measured at 540 and 630 nm using an adapted plate spectrophotometer. Using a standard curve for each experiment, the colour intensity observed in each well is correlated to the number of viable cells. To evaluate the effect of insulin on PLGF-1 production and ARPE-19 cell permeability, cells were exposed to insulin (100 nmol/l) (Sigma Aldrich) for various periods up to 48 h. The apical and basal sides of the cell layers were bathed in 200 μl and 800 μl serum-free culture medium, respectively, containing the different stimulants and supplemented with 1 mmol/l unlabelled inulin (Sigma Aldrich). These incubation volumes were chosen to avoid interference from hydrostatic pressure. Radioactive [ 3 H] inulin (2 μCi; specific activity, 1.95 mCi/mmol) was added to the medium bathing the apical side of the cells. Aliquots of 50 μl were collected from the lower chambers at different time points during 72 h. The radioactivity ( 3 H) in the collected aliquots was counted in a liquid scintillation analyser (Packard, Meriden, CT, USA). All measurements were performed in triplicate and illustrated as the mean dpm of test culture.
Evaluation of PLGF-1, VEGFR-1 and VEGFR-2 by semiquantitative RT-PCR The influence of hypoxia on PLGF-1, VEGFR-1 and VEGFR-2 production was evaluated using RT-PCR analysis in normal and hypoxic conditions. Cells were grown on 25-cm 2 flasks and total RNA was prepared using a kit (RNAeasy Mini; Qiagen, Les Ulis, France). First-strand cDNA was generated by reverse transcription of 100 ng total RNA using oligo dT (Invitrogen, Cergy Pontoise, France) with Moloney Murine Leukaemia Virus reverse transcriptase according to the instructions of the suppliers (Invitrogen). This process yielded 20 μl cDNA of which 1 μl was used for each semi-quantitative PCR analysis.
The cDNAs were amplified in a 50-μl reaction volume containing 20 mmol/l Tris-HCl (pH 8.4), 50 mmol/l potassium chloride, 1.5 mmol/l magnesium chloride, 0.2 mmol/l of each of the dNTPs and 0.5 μmol/l of each appropriate primer: GGCGATGAGAATCTGCACTGT-3′ (forward), 5′-CA CCTTTCCGGCTTCATCTTC-3′ (reverse) for PLGF [17] ; 5′-CAAGTGGCCAGAGGCATGGAGTT-3′ (forward), 5′-GATGTAGTCTTTACCATCCTGTTG-3′ (reverse) for VEGFR-1 [18] ; 5′-GAGGGCCTCTCATGGTGATTGT-3′ (forward), 5′-TGCCAGCAGTCCAGCATGGTCTG-3′ (reverse) for VEGFR-2 [18] ; and 5′-AGGAGAAGCTTGC TACGTC-3′ (forward), 5′-AGGGGCCGGACTCGTCATAC-3′ (reverse) for β-actin, and 2 U Taq polymerase (Invitrogen).
PCR in exponential phase consisted of 1 cycle of denaturation at 95°C for 30 s, annealing at 55°C (β-actin), 57°C (PLGF, VEGFR-1 and -2) for 30 s and extension at 72°C for 60 s, followed by 35 cycles for PLGF, VEGFR-1 and VEGFR-2, and 25 cycles for β-actin. Each PCR reaction was performed in triplicate. Experiments were reproduced three times. PLGF, VEGFR-1, VEGFR-2 and β-actin PCR products were separated on 1.5% agarose gels using ethidium bromide for visualisation and yielded the expected amplicon sizes of 164, 498, 706 and 465 bp, respectively. Band intensity was quantified using the NIH 1.57 software package (NIH, Bethesda, MD, USA). Expression levels of the gene encoding β-actin (also known as Actb) were used for standardisation. Results were expressed as the ratio of specific gene:β-actin expression.
Downregulation of VEGFR-1 and VEGFR-2 as determined by antisense oligonucleotides In order to demonstrate the specificity of VEGF receptors in mediating RPE cell permeability, we have designed specific antisense oligonucleotides directed at VEGFR-1 and VEGFR-2.
A preliminary experiment was performed to confirm the specificity and efficacy of these antisense oligonucleotides. Cells were seeded on 25-cm 2 flasks for 7 days and then treated with specific antisense or scrambled oligonucleotides. The following phosphorothioate oligonucleotides were used: VEGFR-1 antisense: 5′-GTAGCTGACCATGG TGAGCG-3′; VEGFR-1 scrambled: 5′-ATCAGC GTGTGAGCACGGTG-3′; VEGFR-2 antisense: 5′-GCATCTCCTTTTCTGAC-3′; and VEGFR-2 scrambled: 5′-TTAATCGTTCTCTGCCC-3′.
Oligonucleotides (8.0 μg, 1 μmol/l) and 20 μl of Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA, USA) were diluted separately each in 500 μl of Opti-MEM Reduced Serum Medium and incubated at room temperature for 5 min. This mixture was added to each flask containing 2.0 ml Opti-MEM and incubated at 37°C for 5 h. The transfection culture medium was then gently removed and replaced with DMEM containing 10% fetal bovine serum. The cells were collected after 24 h for western blotting.
Antisense oligonucleotides were then used to pretreat confluent ARPE-19 monolayers before TER measurements under stimulation by VEGF165 as described above.
Western blot analysis In order to identify the potential implication of ERK1/2 signalling pathways in PLGF-1-mediated permeability, the phosphorylation of ERK1/2 under PLGF-1 stimulation was evaluated using western blot analysis. ARPE-19 cells were washed three times in PBS, lysed in ice-cold lysis buffer (50 mmol/l Tris-HCl, pH 7.5, 100 mmol/l NaCl, 0.1% Nonidet P-40, 1% deoxycholate, 50 mmol/l β-glycerophosphate, 0.2 mmol/ l sodium orthovanadate, 50 mmol/l sodium fluoride, 1 μg/ ml leupeptin, 5 μmol/l pepstatin, 20 trypsin inhibitor units/ ml aprotinin, 1 mmol/l phenylmethylsulfonyl fluoride), and centrifuged at 4°C for 10 min at 10,000 g. Protein concentrations were determined with a protein assay reagent (Bio-Rad, Hercules, CA, USA) according to the Bradford method. Cell lysates were mixed with 3× Laemmli buffer and heated for 5 min at 95°C. They were then resolved by SDS-PAGE (4-12% polyacrylamide gel), transferred onto polyvinylidene difluoride membranes (Immobilon 228; Millipore, Herts, UK), and probed with polyclonal antibodies directed against VEGFR-1 (dilution 1:200; Santa Cruz Biotechnology, Santa Cruz, CA, USA), VEGFR-2 (dilution 1:200; Santa Cruz Biotechnology), phospho-ERK1/2 (Thr-202/Tyr-204) (dilution 1:1,000; Cell Signaling, Arundel, Australia), or ERK1/2 (dilution 1:1,000; Cell Signaling). Horseradish peroxidase-conjugated anti-rabbit antibodies were used as secondary antibodies and visualisation carried out by electrochemoluminescence (Amersham, Orsay, France).
Effect of PLGF-1 and VEGF-E on RPE cell junctions and retinal structure in rat eyes To study the effect of PLGF-1 on RPE cells junctions in vivo, female Lewis rats, 6 to 7 weeks old and weighing 150 to 200 g (IFFA CREDO, Lyon, France) were used. Experiments were conducted in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. Rats were held for 1 week before experimentation.
Rats were anaesthetised by intraperitoneal pentobarbital injection (40 mg/kg). They received a single intravitreous injection of 5 μl containing either 2 nmol/l PLGF-1 or VEGF-E diluted in PBS or an injection of 5 μl PBS alone (n=8 eyes per treatment and per time point). The amount of PLGF-1 injected in vivo in this acute model in the rat was calculated in order to obtain 0.2 nmol/l (3.8 ng/ml) final concentration in the rat vitreous. Four additional rats (n=4 eyes) did not receive any injection and were used as controls for the injection procedure, At 6 h, 24 h and 4 days after injection, rats were killed by an overdose of pentobarbital. Half of the treated rats in each group were used for immunolocalisation of the tightjunction associated protein zonula occludens-1 (ZO-1) on RPE/choroid flat mounts; the other half were used for analysis of the retinal structure using semi-thin sections.
For immunohistochemistry, eyes were enucleated and fixed in 2% paraformaldehyde for 1 h. Biomicroscopic dissection of the sclera, choroid and RPE complex was achieved after removal of the cornea and extirpation of the lens, vitreous body and retina. The sclera, choroid and RPE complex were washed three times for 5 min in 1% BSA/ PBS, then washed three times for 10 min in 1% BSA/PBS and 0.2% saponin, and subsequently incubated overnight at 4°C with rat anti-ZO-1 antibody (1:200; Chemicon, Temecula, CA, USA) diluted in 1% BSA/PBS and 0.2% saponin. ZO-1 was visualised by incubation with Alexaconjugated goat anti-rat IgG (1:100; Molecular Probes, Eugene, OR, USA). The complex was finally mounted using glycerol/PBS (vol/vol) and observed with appropriate filters using a confocal microscope (LSM 510; Zeiss, Zurich, Switzerland).
For histology, the eyes were enucleated and fixed in 2.5% glutaraldehyde in cacodylate buffer (Na 0.1 mol/l, pH 7.4). After 1 h, the globes were dissected at the limbus, the posterior eyeball post-fixed for 3 h. Tissues were postfixed in 1% osmium tetroxide in cacodylate buffer (Na 0.1 mol/l, pH 7.4) and dehydrated in graduated ethanol solution (50, 70, 95, 100%). The tissues were then included in epoxy resin and oriented. Semi-thin sections (1 μm), obtained with an ultramicrotome cutting device (Reichert Ultracut E; Leica, Rueil Malmaison, France), were stained by toluidine blue. Sections were examined with a light microscope. For all eyes, the retinal thickness was measured at a distance of 400 μm from each edge of the optic nerve for the length of 400 μm (n=10 values for each eye). Results were expressed as the mean±SD.
Concentration of PLGF in human vitreous as determined by ELISA To confirm the potential implication of PLGF-1 in the pathogenesis of diabetic retinopathy, samples of vitreous from patients with diabetic retinopathy (type 2 diabetes; n=7) or with epiretinal membranes (control; n=6) were collected after Institutional Review Board approval and provision of informed consent by patients. Undiluted samples of vitreous from patients undergoing programmed vitrectomy were collected and frozen at −20°C prior to testing. PLGF was measured using a sandwich ELISA (Quantikine ELISA kit; R&D Systems, Abingdon, UK) according to the manufacturer's instructions. The minimal dose detection threshold for the assay was 7.0 pg/ml.
Statistical analysis For two-group comparisons, statistical analysis was performed using the Mann-Whitney U test (p<0.05 was considered significant). For multiple-group analysis, statistical analysis was performed using an ANOVA test followed by a multiple comparison Bonferroni post-test (p<0.05 was considered significant).
Results

Activation of VEGFR
A preliminary dose-response effect of PLGF was observed on both TER and inulin flux when 0.2 and 2.0 nmol/l PLGF-1 were used. The 0.2 nmol/l dose induced a lower effect. For further analysis, the higher PLGF doses were used. Incubation of RPE cells with 1.0 nmol/l VEGF165 or 2.0 nmol/l PLGF-1, which interacts exclusively with VEGFR-1 [11] , induced a rapid significant decrease in TER (p<0.01). The decrease remained highly significant at 6 and 24 h (p< 0.001), with a slow recovery observed at 72 h (Fig. 1a) . The TER decrease correlated well with the inulin flux, which was significantly increased at 1, 6 and 24 h after addition of VEGF165 or PLGF-1 (p<0.01) (Fig. 1b) . Incubation with 1.0 nmol/l VEGF-E, a specific agonist of VEGFR-2, affected neither TER (Fig. 1a) nor inulin flux (p>0.05 for both). To confirm that RPE permeability was specifically dependent on VEGFR-1, we used antisense oligonucleotides to specifically downregulate VEGFR-1 or VEGFR-2 expression. Western blot analysis confirmed that antisense oligonucleotides specifically downregulated VEGFR-1 or VEGFR-2 (Fig. 1c) . Pretreatment of the cells with the VEGFR-1 antisense oligonucleotide prevented the VEGF165-induced decrease in TER, whereas treatment with the VEGFR-2 antisense oligonucleotide did not affect VEGF165-induced RPE cell permeability (Fig. 1d) . Exposure of human RPE cells to hypoxic conditions or insulin upregulates PLGF-1 and increases permeability of RPE monolayers Because hypoxia and IGF-1 induce the production of angiogenic and permeating factors [19] , we investigated the upregulation of PLGF-1 production and its influence on RPE cell permeability after exposure of RPE cells to hypoxia and insulin.
In RT-PCR analysis only very low basal levels of Plgf-1 mRNAs were detected in ARPE-19 control cultures (Fig. 2a) . Sustained exposure (15 h) of ARPE-19 cells to CoCl 2 (mimicking hypoxic conditions), significantly upregulated Plgf-1 mRNA expression (p<0.05) (Fig. 2a) . Also, low levels of Vegfr-1 and Vegfr-2 mRNAs were expressed in RPE cells under basal conditions (Fig. 2b,c) . However, under hypoxic conditions Vegfr-1 mRNA expression was upregulated. A significant upregulation of Vegfr-1 was detected as early as 3 h after exposure of the cultures to hypoxic conditions and lasted for at least 15 h (Fig. 2b) . During this period, no significant changes were observed in Vegfr-2 mRNA expression (Fig. 2c) . Moreover, RPE cell permeability was significantly increased under hypoxia at 24 h and during a 72-h period (p<0.05) (Fig. 2d,e) . In the MTT assay no significant decrease in ARPE-19 viability was observed after either 24, 48 or 72 h of hypoxia (not shown), demonstrating that the decrease in TER was not related to reduced cell viability.
Interestingly, exposure of RPE cells to insulin (100 nmol/l) also induced a significant and transitory upregulation of Plgf-1 mRNA expression at 6 h (Fig. 3a) . This upregulation was accompanied by a significant increase in RPE cell permeability (TER: p<0.001; inulin flux: p<0.05) at 6 and 24 h (Fig. 3b,c) .
PLGF-1-induced RPE cell permeability involves the MEK/ ERK signalling pathway A recent publication shows that in human colorectal cancer cells, VEGFR-1-induced motility involves ERK1/2 activation [20] .
We investigated the levels of ERK1/2 phosphorylation by western blot analysis with antibodies that specifically recognise phosphorylated active forms of ERK1/2 (Fig. 4a) . Stimulation of RPE cells by PLGF-1 increased the levels of ERK1/2 phosphorylation as early as 10 min after exposure. However, 1 h after PLGF-1 stimulation, phosphorylated ERK1/2 returned to its basal levels. Pharmacological inhibition of MEK1/2, the direct upstream activator of ERK1/2, resulted in the complete inhibition of ERK1/2 phosphorylation, whereas the expression levels of ERK1/2 did not change. To determine whether activation of the MEK/ ERK signalling pathway was involved in PLGF-induced cell permeability, cells were treated with 10 μmol/l of UO126, a specific inhibitor of MEK1/2. Inhibition of MEK1/2 completely abolished the effects of VEGF165 and PLGF-1 on TER (Fig. 4b) and inulin flux (Fig. 4c ). These experiments demonstrate that PLGF-1-mediated activation of VEGFR-1 and the subsequent increase of RPE permeability involve the MEK/ERK signalling pathway.
PLGF-1 induces a rupture of the external blood-retinal barrier in the rat eye At 24 h after intravitreous injection, RPE cells of control PBS-injected eyes had undisturbed tight junctions (Fig. 5a) . In eyes injected with PLGF-1, disruption of the tight junctions was already detected 6 h after the injection (data not shown). At 24 h, opening of RPE tight junctions and ZO-1 redistribution from the membrane to the cell were accentuated (Fig. 5b) . Four days after PLGF-1 injection, normal RPE tight junctions were observed, with only residual ZO-1 observed in the cytoplasm (Fig. 5c) . Injection of VEGF-E did not induce any effect on RPE junction integrity (Fig. 5c) . Interestingly, the increased RPE permeability induced by PLGF-1 was associated with the accumulation of sub-retinal fluid at 24 h (Fig. 5f ). Measurement of retinal thickness showed that in eyes treated with PLGF-1, the retinal thickness was significantly increased (344±20 μm) compared with PBS-injected eyes (292±39.8) (p<0.01), suggesting that retinal oedema is caused by PLGF-1 injection in the vitreous cavity. PLGF-1 also induced vasodilatation of the choriocapillaries.
By day 4 after treatment, along with the restoration of RPE cell junction integrity, absorption of the sub-retinal fluid was seen (Fig. 5g) . In eyes injected with PBS or VEGF-E no effect on the retina or choriocapillary structures and no sub-retinal fluid accumulation were observed (Fig. 5e,h ).
PLGF-1 is present in the vitreous of patients with diabetic retinopathy Significant levels of PLGF (33 to 806 pg/ml) were found in the vitreous of all seven patients with diabetic retinopathy. In the vitreous of the six matched control subjects, PLGF levels were below detectable levels. Interestingly, the highest vitreous levels of PLGF-1 were associated with more severe expression of clinical diabetic retinopathy in these patients (Table 1) .
Discussion
Macular oedema is one of the leading causes of poor visual acuity in patients with diabetic retinopathy [14] . VEGF plays an important role in the pathogenesis of diabetic retinopathy [21] , inducing both pre-retinal neovascularisa- c At 4 days after PLGF-1 injection, ZO-1 staining is mostly concentrated in the cell membranes (white arrows) with some staining of ZO-1 still in the cytoplasm (white stars). d VEGF-E does not alter ZO-1 distribution at 24 h. Bar=10 μm. e Semi-thin sections at low (upper panel, bar=40 μm) and high (lower panel, bar=10 μm) magnification, showing normal structure of the retina and RPE cells 24 h after PBS injection. f Disruption of RPE tight junctions (black arrows), sub-retinal fluid accumulation (stars), retinal oedema (white arrows) and dilatation of the choriocapillaries (arrowheads) were detected 24 h after PLGF-1 injection. g Recovery of the normal retinal structure 4 days after the PLGF-1 injection. h Undisturbed retinal structure at 24 h after injection of VEGF-E tion and disruption of the blood-retinal barrier. In endothelial cells and in experimental retinopathy, VEGF induces both increased transcellular pathways via vesicles [22] and paracellular transport through phosphorylation of junction proteins [23] . Anti-VEGF strategies under evaluation tend to show that blocking VEGF decreases vessel leakage and may decrease retinal oedema [24] . Exploration of macular oedema by optical coherence tomography reveals that the incidence of serous macular detachment, mostly suggestive of RPE cell junction dysfunction, is higher than previously assessed [25] [26] [27] . While extensive work has been carried out to identify factors influencing the blood-retinal barrier, the mechanisms implicated in the RPE barrier regulation have been poorly explored.
The data obtained in our present study demonstrate that specific activation of VEGFR-1, VEGF165 and PLGF-1 in response to hypoxia or insulin disturbs the external bloodretinal barrier in vitro and in vivo, contributing to fluid accumulation under the retina and in the retinal layers. Using specific VEGF receptor agonists and inhibition of VEGFR-1 or VEGFR-2 production by specific antisense oligonucleotides, we found that the VEGF-induced external blood-retinal barrier permeability is mediated through VEGFR-1 and not through VEGFR-2. Takahashi et al. [28] reported that Trimeresurus flavoviridis snake venom VEGF induces vascular permeability through VEGFR-1 signalling pathways. In Vegf-a transgenic mice, increased angiogenesis and oedema develop, while in transgenic mice overexpressing only Vegfr-2, angiogenesis without increased vessel permeability was observed [29] . Novel pharmacological strategies aim at inhibiting VEGF receptors, rather than blocking VEGF itself [30] . However, only the VEGFR-1, but not the VEGFR-2 promoter contains hypoxia-inducible factor 1 alpha binding sequence, a finding which could be directly involved in the observed hypoxia-induced upregulation of VEGF [31] .
Our experiments show unequivocally that VEGF-induced RPE permeability is specifically mediated through VEGFR-1. Our in vitro findings demonstrate that the production of PLGF-1 and VEGFR-1 is upregulated under hypoxic conditions, subsequently inducing alteration of the RPE barrier function. Interestingly, not only hypoxia but also insulin directly induced a transitory upregulation of PLGF-1 associated with an increased permeability of RPE cells in vitro. It has been reported that PLGF-1 plays a role in the pathogenesis of diabetic retinopathy through increased levels of VEGF and activation of protein kinase B, c-Jun =-terminal kinase, hypoxia-inducible factor 1 alpha, nuclear factor .B and activator protein 1 in the retina [19] .
Using specific MEK1/2 inhibitors, we found that, in RPE cells, VEGFR-1 activation by PLGF-1 and subsequent increased cell permeability involves the MEK/ERK signalling pathway.
An acute increase of PLGF-1 concentration within the vitreous of rat eyes induced alterations of the cell-cell junction complex with cytoplasmic translocation of tight junction proteins and increased intercellular spaces. These RPE cell tight junction modifications were associated with sub-retinal fluid accumulation and increased retinal thickness and oedema. Interestingly, an ultrastructural breakdown of the RPE barrier has also been observed in 5-month streptozotocin-induced diabetic rats [32] .
The important potential role of PLGF-1 in the pathogenesis of diabetic retinopathy is in line with additional clinical observations in pregnancy and diabetes. Patients with diabetic retinopathy have high levels of vitreous PLGF-1 with an apparent development of more severe diabetic retinopathy detected in the eyes with higher levels.
The in vitro and in vivo observations derived from our present study show that PLGF-1 plays a crucial role in the induction of RPE-blood barrier disruption, an important aspect of diabetic retinopathy.
In summary, we have demonstrated that through the acute activation of VEGFR-1 and ERK1/2 pathway, PLGF-1 regulates the external blood-retinal barrier function by a direct effect on RPE cell tight junctions.
In therapeutic terms, neutralisation of VEGF in the retina could be harmful, possibly increasing retinal ischaemia. Therefore, specific regulation of PLGF-1 (or VEGFR-1) may be a logical alternative. This possible mode of treatment for retinal and macular oedema associated with diabetic retinopathy is now under evaluation. 
